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Abstract Data from two National Oceanographic and Atmospheric Administration (NOAA) surface moor-
ings in the North Pacific, in combination with data from satellite, Argo floats and glider (when available), are
used to evaluate the residual diffusive flux of heat across the base of the mixed layer from the surface mixed
layer heat budget. The diffusion coefficient (i.e., diffusivity) is then computed by dividing the diffusive flux
by the temperature gradient in the 20 m transition layer just below the base of the mixed layer. At Station
Papa in the NE Pacific subpolar gyre, this diffusivity is 1 3 1024 m2/s during summer, increasing to �3 3

1024 m2/s during fall. During late winter and early spring, diffusivity has large errors. At other times, diffusiv-
ity computed from the mixed layer salt budget at Papa correlate with those from the heat budget, giving
confidence that the results are robust for all seasons except late winter-early spring and can be used for
other tracers. In comparison, at the Kuroshio Extension Observatory (KEO) in the NW Pacific subtropical
recirculation gyre, somewhat larger diffusivities are found based upon the mixed layer heat budget: � 3 3

1024 m2/s during the warm season and more than an order of magnitude larger during the winter, although
again, wintertime errors are large. These larger values at KEO appear to be due to the increased turbulence
associated with the summertime typhoons, and weaker wintertime stratification.

1. Introduction

Wind mixing, surface heat loss to the atmosphere, wave-generated mixing, shears associated with near-
inertial oscillations, and other processes cause turbulence values in the surface ‘‘mixed layer’’ to be several
decades larger than found deeper in the interior thermocline [Fern�andez-Castro et al., 2014]. Diffusive
transport through the stratified water column below the base of the mixed layer is typically expressed as
a downgradient flux that is proportional to the property gradient, with the proportionality factor referred
to as the ‘‘diffusion coefficient’’ or ‘‘eddy diffusivity,’’ hereinafter referred to simply as ‘‘diffusivity.’’ Because
our observations generally have 20 m vertical spacing, we assume that the diffusive flux across the mixed
layer base is equivalent to the downgradient flux at the center of a 20 m layer directly below the base of
the mixed layer. Turbulence in this transition layer can still be relatively strong so that even weak vertical
gradients in the physical or biogeochemical tracers can result in large diffusive fluxes. Consequently, diffu-
sive mixing tends to be a leading-order process governing the surface layer properties [Lee et al., 2015].
Understanding the magnitude and variability of the diffusion coefficient is thus critical for studies of the
exchange of heat, freshwater, and biogeochemical tracers between the surface layer of the ocean and the
main pycnocline.

Diffusive transport is traditionally estimated from shipboard observations of the temperature or velocity
microstructure [e.g., Schmitt et al., 1988; Polzin et al., 1997] or through passive tracer release experiments
[e.g., Ledwell et al., 2011]. Such measurements, however, are labor intensive and have sparse spatial and
temporal coverage that does not in general resolve seasonal cycles. In this analysis, we use a combination
of autonomous data from surface moorings, satellites, Argo floats, and a glider to estimate the seasonal
cycle of the diffusive flux at the base of the mixed layer and its corresponding diffusivity from the residual
of the mixed layer heat and salt budgets. With the diffusivity estimates presented here, the diffusive flux of
heat, salt, and other properties can potentially be estimated simply using information about the property’s
vertical profile (e.g., A. J. Fassbender, C. L. Sabine, and M. F. Cronin, Net community production and calcifica-
tion from seven years of NOAA Station Papa Mooring measurements, submitted to Global Biogeochemical
Cycles, 2015].
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Two National Oceanographic and Atmospheric Administration (NOAA) surface moorings are used, located at
Station Papa (50�N, 145�W) in the northeast Pacific Subarctic gyre, and the Kuroshio Extension Observatory
(KEO; 32.3�N, 144.5�E) in the northwest Pacific subtropical recirculation gyre (Figure 1). The KEO region is fun-
damentally different than Station Papa and thus comparisons of results between these two locations of con-
trasting oceanography and surface fluxes may provide information about the processes affecting diffusivity.
KEO, for example, is in a region of mean net surface heat loss, while Station Papa is in a region of mean heat
gain. At KEO the top of the main pycnocline and wintertime mixed layer are hundreds of meters deep, while
at Station Papa the main pycnocline is shallow and reinforced by a shallow halocline so that the wintertime
mixed layer is no more than roughly 100 m deep. While both locations are in the North Pacific storm track
and experience large winter storms, KEO also experiences frequent warm season typhoons [Tomita et al.,
2010]. Currents and horizontal gradients are weak at Station Papa, but can be very large at KEO. We note that
it appeared that errors were large when advection was large at KEO; diffusivity was only computed during
periods when advection and the errors were minimal. The KEO diffusivity values should be considered repre-
sentative of the recirculation gyre south of the Kuroshio Extension (KE), not of the KE itself. At both sites, the
time series extends from 4 to 5 years so that a seasonal climatology can be computed.

This study complements Cronin et al.’s [2013] mixed layer temperature budget analysis of the erosion and
formation of the seasonal thermocline in the Kuroshio Extension recirculation gyre. In the present study, a
seasonal cycle of the diffusivity at the base of the mixed layer is calculated from the mixed layer heat
budget rather than from the mixed layer temperature budget. It is shown here that this provides a more
direct relation to the diffusive flux. As with Cronin et al. [2013], satellite-based sea surface temperature (SST)
fields are used to estimate the effects of heat advection. In addition, at Station Papa where advection is gen-
erally weak, mixed layer salinity gradients could be estimated from glider butterfly patterns and Argo floats.
Thus, at Station Papa both the heat and salt mixed layer budgets are evaluated and used to obtain inde-
pendent estimates of the diffusivity. In the absence of errors and processes such as salt fingers, we would
expect that these values of diffusivity should be nearly the same. A reasonable agreement thus helps pro-
vide confidence that these diffusivity estimates can be used for other budgets, e.g., for carbon (Fassbender
et al., submitted manuscript, 2015) or oxygen [Emerson and Stump, 2010]. As will be discussed, the diffusiv-
ity values at the base of the mixed layer have a seasonal cycle, have geographic variations, and are signifi-
cantly larger than the values found in the thermocline and interior of the ocean.

2. Methodology and Data

Following Cronin et al. [2013] and Stevenson and Niiler [1983], the mixed layer heat budget can be expressed as:
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Figure 1. Mean climatological net surface heat flux [Yu and Weller, 2007] in the North Pacific in units W/m2. The KEO and Papa stations are
indicated by a black square. A positive net surface heat flux indicates heat loss by ocean to the atmosphere. White contours indicate mean
absolute sea level [Niiler et al., 2003].
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where T and u are the vertically averaged temperature and horizontal velocity within the mixed layer, Q0 is
the net flux of heat into the ocean surface and Qpen is the radiative heat flux penetrating through the base
of the mixed layer (h), q0Cp is the volumetric heat capacity of seawater (taken to be 4.088 3 106 J 8C21m23),
w2h is the vertical velocity at the base of the mixed layer and is positive for upward flow, T2h is the temper-
ature at the base of the mixed layer, and term 4 represents the upward diffusive heat flux through the base
of the mixed layer to be diagnosed. As in Cronin et al. [2013], horizontal diffusion and sheared-stratified
flow convergence of heat within the mixed layer are assumed to be small and are neglected. We expect
that these are much better assumptions at Station P than at KEO, where horizontal gradients can at times
be large.

Term 3 on the right-hand side (RHS) of (1) includes both cooling due to large-scale entrainment mixing (a
turbulent process) and warming due to detrainment when the mixed layer depth shoals rapidly due to
restratification. If the mixed layer were perfectly isothermal, detrainment would not contribute to a change
in T during shoaling, and thus detrainment could be set to zero during these periods. However, in a practi-
cal sense, when the mixed layer is defined to be the depth range over which a very small (but nonzero)
increment in stratification occurs, the ‘‘mixed layer’’ must have some weak stratification. Thus, a shoaling
mixed layer may indeed contribute to a change in T, and we retain the detrainment term for accuracy. While
large-scale entrainment mixing causes the mixed layer to deepen and cool over the course of several days
without affecting the temperature below the mixed layer, diffusive mixing (term 4 on RHS of (1)) causes a
transport of heat from the mixed layer to the waters below. Diffusive mixing thus can cause cooling within
the mixed layer and warming below, thus reducing the stratification of the upper ocean (e.g., at Station
Papa: Large et al., [1986]; Large and Crawford, [1995]; Dohan and Davis, [2011]).

Likewise the mixed layer salt budget can be expressed as:

h
@S
@t

5 E 2 Pð ÞS0 2 hu � rS 2 w2h 1
dh
dt

� �
S 2 S2hð Þ1 w 0S0 jz52h (2)

where S is the vertically averaged salinity within the mixed layer, E and P are the surface evaporation and
precipitation, respectively, and S0, and S2h are the salinities at the air-sea interface and the base of the
mixed layer, respectively. As will be discussed further, the heat and salt fluxes at the base of the mixed layer
can be estimated for extended periods of time as the residual of (1) and (2). These we relate to diffusivity
coefficients jT and jS according to:
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where the temperature and salinity stratifications are computed from values at the base of mixed layer and
20 m below the mixed layer depth. Assuming that heat and salt diffusivities are equivalent to a mass diffu-
sivity, these coefficients should be equivalent and can be used to estimate the diffusion of other properties
such as carbon. Equations (1) and (2) thus provide independent methods for estimating diffusivity; agree-
ment of diffusivity estimated from these two methods provides a useful validation test that the estimates
are realistic.

The primary data used to evaluate (1) and (2) are daily averaged time series from the NOAA Station Papa
surface mooring at 50.18N, 144.98W and the NOAA KEO surface mooring at 32.38N, 144.68E (Figure 1). The
KEO mooring has been described by Cronin et al. [2013] and so here we focus on details of the Station Papa
mooring. Unlike the KEO mooring whose line length to water depth scope is 1.4, Papa was a taut line moor-
ing with scope< 1. Its watch circle radius is only 1.4 km and the location of the buoy never varied from the
nominal site by more than 8 km throughout the entire 6 year study period. The Papa mooring was first
deployed in mid-June 2007 as part of a carbon cycle process study [Emerson et al., 2011] but has continued
as an ongoing OceanSITES time series reference station [Send et al., 2010]. The Station Papa study period
thus extends from mid-June 2007 to June 2013. The KEO study period is June 2004 through June 2014. Due
to data gaps, the number of realizations of a given month is quite a bit less than 6 and 10 years for Papa
and KEO time series, respectively, particularly for winter and spring months.
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Mooring surface measurements include: wind speed and direction (from a sonic anemometer), air tempera-
ture and relative humidity, barometric pressure, rain rate, solar and long-wave radiation, and SST and salin-
ity at 1.2 m depth (Figure 2). Their sampling strategies are described in Cronin et al. [2013] and errors are
described in Kubota et al. [2008]. These data are used to compute both the turbulent and radiative compo-
nents of the net surface heat flux, Q0:

Q0 5 Qsw 2 Qlw 2 Qlat 2 Qsen (4)

where the net solar radiation (Qsw) and net longwave radiation (Qlw) are estimated using the measured
downwelling shortwave and longwave radiations. A climatological seasonal cycle for albedo is used based
upon International Satellite Cloud Climatology Project (ISCCP) data. Likewise, latent (Qlat) and sensible (Qsen)
heat fluxes are computed using the COARE v3.0 bulk algorithm [Fairall et al., 2003] with hourly averaged
data and include both the warm layer and coolskin corrections. The amount of solar radiation that

Figure 2. Daily averaged surface data as measured by the NOAA Station Papa mooring. The light blue lines show the monthly
climatologies.
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penetrates through the base of the mixed layer depth (Qpen in (1)) is estimated as 0.38 Qsw exp(2hk), where
the extinction coefficient k21 is assumed to be 20 m, consistent with Jerlov Type 1A water [Paulson and
Simpson, 1977].

Figure 3 shows the daily air-sea heat flux components, as well as the net moisture flux (P2E). Evaporation is
estimated from latent heat flux and surface temperature. Precipitation was based on the measured rain-
gauge rain rate corrected for the wind distortion using the Serra et al. [2001] correction. The reduction in
measured rain due to wind can be quite substantial. At 10 m/s the correction factor is 1.4, while at 20 m/s
the correction factor is 1.83.

At KEO, where density changes are largely dominated by temperature variations, the mixed layer depth is
defined as the depth where temperature is 0.2�C cooler than that at 10 m depth. At Station Papa, on the
other hand, a large halocline exists near the top of the main thermocline (100–175 m depth). For this rea-
son, for Station Papa, the mixed layer depth is defined in terms of a density step (Dr 5 0.03 kg/m3, corre-
sponding roughly to a temperature step of 0.2�C), i.e., as the depth where density is 0.03 kg/m3 denser than
found at the 10 m level, and the isothermal surface layer thickness hT is defined in terms of an equivalent
temperature step [de Boyer Mont�egut et al., 2004]:

2h 5 z r 5 rjz5210m 1 Dr
� �

(5a)

2hT 5 z T 5 T jz5210m 1
@T
@r

Dr

� �
(5b)

If the isothermal layer is deeper than the mixed layer depth, then the layer in between, the ‘‘barrier layer,’’
acts as a barrier to the mixing of heat. While the mixed layer depth at KEO is well approximated by the iso-
thermal layer depth, large barrier layers (>15 m) occur at Station Papa during early spring (Figure 4). The
impact of barrier layers on diffusivity calculations is discussed below.

In order to estimate the advective terms in the mixed layer heat and salt budgets, the vertically averaged
mixed layer velocity (u) was estimated from the moored current meter data. Both moorings generally had

Figure 3. Daily averaged air-sea heat fluxes estimated from hourly Station Papa data. (top) Net solar (black) and net longwave (red) radia-
tions; (middle) latent (black) and sensible (red) heat loss; and (bottom) daily averaged net surface heat flux (black) and precipitation minus
evaporation (blue; left). Q0 and (bottom) P-E are plotted to have roughly equivalent buoyancy flux scales.

Journal of Geophysical Research: Oceans 10.1002/2015JC011010

CRONIN ET AL. DIFFUSIVITY FROM THE MIXED LAYER BALANCE 7350



up to 3 current meters mounted in the top 35 m, nominally at 5, 15, and 35 m. At KEO, data from a nearby
upward looking Acoustic Doppler Current Profiler were also used to estimate u during the first 2 years.
When no near-surface current meter data were available, gaps in u were filled with the Ocean Surface Cur-
rent Analysis—Real time (OSCAR) product, which is on a 1/3 degree grid and has 5 day resolution [Bonjean
and Lagerloef, 2002]. Mixed layer temperature gradients in (1) were estimated from the Global Data Assimi-
lation Experiment High Resolution Sea Surface Temperature (GHRSST) 5 km product [Stark et al., 2007].
Because of the stronger currents at KEO and thus larger 1 day advective length scale there, the GHRSST
product was smoothed with a 9 point and 7 point boxcar filter at KEO and Station Papa, respectively, and
then subsampled to 25 km grid before horizontal gradients were computed.

During June 2009 to January 2010 gradients in mixed layer temperature and salinity at Station Papa could
also be estimated from Seaglider data [Pelland, 2015]. The glider navigated a 50 km butterfly path centered
at the Station Papa mooring with a mean pattern transit time of 14.5 days. While the glider time series of
mixed layer temperature agrees quite well with that of the coincident mooring and GHRSST SST time series,
the mooring and satellite data show there is significant temporal variability within this time period that ali-
ases the glider estimate of the gradient. Mixed layer salinity, however, has less variability on this time scale
and thus we use the glider estimate of the mixed layer salinity gradient to estimate advection in (2). Hori-
zontal gradients in mixed layer-average salinity are computed at monthly intervals. Seaglider observations
of S in each month are fit with a least squares regression function that is linear in x and y and quadratic in
time. The monthly interval for these fields is the time required for the glider to complete two transits
around the navigational track pattern at Station Papa and, as such, is approximately the shortest time scale

Figure 4. Daily averaged upper ocean temperature (top) and salinity (middle) time series, with mixed layer depth (black) and isothermal
layer depth (red) overlaid and sensor depths indicated by plus marks at the beginning of the time series in June 2007 and June 2009.
(bottom) Temperature (black) and salinity (blue) stratification in the 20 m layer below the base of the mixed layer. Weak stratification
values, with an equivalent density stratification of less than 0.03 kg/m3 over 40 m, are indicated by red and green plus mark for temperature
and salinity, respectively.
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at which the glider array can reliably resolve horizontal gradients. The estimated x and y coefficients are
taken to be the zonal and meridional components of the gradient of S during each interval. During periods
when the glider was not on station and at least 4 Argo floats were present in a 300 km 3 300 km box over
a given month, the Japanese Grid Point Value of the Monthly Objective Analysis using Argo data (MOAA
GPV) product was used to estimate salinity gradients at Station Papa [Hosoda et al., 2008]. Errors in these
fields are discussed in Appendix A.

As in Cronin et al. [2013] (their equation (4)), vertical velocity at the base of the mixed layer was computed
from the Sverdrup balance with the assumption that the turbulent stress vanishes at the base of the mixed
layer. Where surface geostrophic currents are weak, such as at Station Papa, the primary term in the
Sverdrup balance is the wind stress curl: w2h5 r3sð Þ= qfð Þ, where r is the horizontal gradient operator,
s is the surface wind stress, q is density, and f is the Coriolis parameter. Daily averaged gridded QuikScat
and Advanced Scatterometer (ASCAT) wind stress products made available through the Asian-Pacific Data-
Research Center (http://apdrc.soest.hawaii.edu/) were used to estimate these terms. Similar to Cronin et al.
[2013], the surface geostrophic current term is estimated from the AVISO Maps of Absolute Dynamic Topog-
raphy (MADT) all-satellite delayed-time absolute surface geostrophic velocity gridded product (http://www.
aviso.altimetry.fr).

With these combined mooring, satellite, glider, and float data, we are able to estimate all terms in (1) at
both sites except for the term associated with diffusion of heat across the mixed layer base. That term, and
in particular the eddy diffusion coefficient (i.e., diffusivity) (3a), is estimated from the residual of (1). Likewise,
at Station Papa, all terms in the salt budget (2) except the diffusive salt flux term could be directly estimated
for extended periods of time. The residual of (1) and (2), which we interpret in terms of diffusive mixing,
however, also contains the accumulation of all errors. Thus, an error analysis (Appendix A) is performed to
determine the propagation of errors in the diffusivity estimates. In order to resolve synoptic variations asso-
ciated with diffusive mixing, all terms in (1) and (2) are estimated with daily averaged quantities and then
smoothed with a 5-day triangular filter. The stratifications in (3) are similarly smoothed for computation of
the diffusivities on synoptic time scales.

To help distinguish and remove error from the diffusivity estimate, a set of constraints is applied to the dif-
fusivity estimate. In particular, because diffusive mixing causes a downgradient flux within a stratified fluid
(3), diffusivity is only estimated if the stratification is larger than a critical level. In particular, in (3), we require
temperature (or salinity) stratification to have an equivalent density stratification of 0.03 kg/m3 over 40 m.
This is somewhat arbitrary but acts to eliminate cases where the transition layer below the mixed layer is as
weakly stratified as the mixed layer itself (Figure 4), periods likely dominated by error. In these cases, better
vertical resolution is needed and a mixed layer depth based upon a critical stratification magnitude would
be more appropriate [Brainerd and Gregg, 1995]. Because the stratification appears in the denominator in
the estimation of j, errors in stratification when it is weak can cause large errors in j.

Likewise, following common practice, diffusivity is constrained to be positive. That is, it is assumed that
diffusion results in downgradient heat and salt fluxes. Any upgradient flux value is assumed to be domi-
nated by error and its corresponding diffusivity value (3) is not estimated. Because this constraint prefer-
entially filters out errors of a given sign, it can bias seasonally averaged diffusivity towards larger values.
At Station Papa, this constraint was applied to 11% of the data and thus is unlikely to introduce a large
bias. At KEO, however, this constraint removed 37% of the data and thus could have more of an effect.
Finally, when currents at KEO are strong, other processes not included in (1), such as the heat flux due
to the convergence of stratified, shear flow, will be included in the residual heat flux. Thus, diffusivity is
estimated at the KEO site only during periods when horizontal advection is weak (less than one stand-
ard deviation).

To further reduce errors and to provide values that could be applied more generally, monthly climatologies
are computed. Indeed, sometimes only monthly climatological data are available to assess some terms (e.g.,
horizontal salinity gradients) in mixed layer budgets (1-2) and diffusive flux (3). Conveniently, we found that
the climatological diffusivity, computed from 5 day smoothed diffusivities, was quite similar (albeit some-
what higher during winter) to the diffusivity computed from climatological stratification and heat fluxes.
Such a result suggests that the climatological diffusivity shown here could be applied to climatological strat-
ification to estimate the diffusive flux across the mixed layer according to (3).
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3. Results

3.1. Mixed Layer Heat and Salt Budgets at Station Papa
As shown in Figure 5, mixed layer temperature changes at Papa are strongly controlled by the surface fluxes
and by the residual diffusive mixing. In particular, the net surface heat fluxes appear to control the large sea-
sonal cycle in the surface temperature, while the residual mixing cause episodic cooling events lasting up
to a few days. Cooling events associated with mixing were most prominent during summer and early fall
when the mixed layer depth was still relatively shallow. Except during a few short periods, both horizontal
advection and large-scale entrainment/detrainment appear to have a relatively minor effect on surface
temperature.

In contrast to SST, the mixed layer salinity does not have a distinct seasonal cycle (Figures 5–7). Both evapo-
ration and precipitation are larger during winter, with precipitation dominating (Figures 2 and 3). As a con-
sequence, the net moisture flux into the ocean (P2E) at Papa tends to be positive in all seasons, with
somewhat higher values during winter (Figure 7). Except for the transition periods near the equinox, the
buoyancy flux is dominated by the heat flux (Figure 3), and contributes to turbulent convective mixing dur-
ing winter. During winter, rather than causing surface freshening, freshwater from rainfall gets diffused into
the water below the mixed layer where it strengthens the halocline (note the strong upward diffusive salt
fluxes/downward freshwater fluxes during winter in Figure 6). As with the temperature balance, horizontal

Figure 5. Station Papa mixed layer heat budget (equation (1)), smoothed with a 5 day triangular filter. The heat content tendency rate
associated with changes in the mixed layer temperature (black line) is shown in all plots. The red lines represent heat fluxes in all four
plots; top plot due to Q0 2 Qpen, the second plot from top due to horizontal advection, the second plot from bottom due to entrainment,
and the bottom plot due to unresolved processes and errors. The estimated diffusive flux across the base of the mixed layer is shown in
blue in the bottom plot. All fluxes have units W/m2.
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salinity advection was a nonnegligible process at times. The residual diffusive mixing is nearly always posi-
tive, causing the mixed layer salinity to increase and the deeper waters to freshen.

The residual heat flux through the base of the mixed layer is relatively constant through the year, with simi-
lar values found in January–February–March as in June–July–August at Papa (Figure 7). In contrast, the salin-
ity fluxes at the base of the mixed layer had a large seasonal cycle with large positive values during the cold
season and very weak positive values during summer months. As shown in Figure 4, during late winter-
early spring (particularly March and April), the mixed layer depth was deep (�100 m; Figure 4), but the iso-
thermal layer was deeper. The layer between, the barrier layer, acts as a barrier to the mixing of heat. Due
to the very weak and poorly resolved temperature stratification, diffusivity at the base of the mixed layer
often cannot be estimated from the heat budget when a barrier layer is present.

Likewise, during late spring through summer as the seasonal thermocline forms, causing the mixed layer
depth to shoal to less than 20 m deep, the haline stratification lies well below the base of the mixed layer
and thus the diffusive flux of salt was weak. During these months, the salinity stratification is often too
weak to estimate diffusivity from the salt budget (Figure 4).

3.2. Diffusivity at the Base of Mixed Layer at Station Papa
Synoptic diffusivity (jT and jS) estimated from the mixed layer heat and salt budgets for Station Papa and
their associated error estimates are shown in Figure 8. In general, the errors in the diffusivity value

Figure 6. Same as Figure 5, but for salinity. Units are psu m/day.
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estimated from the salt budget are larger than those estimated from the mixed layer heat budget (see
Appendix A for full discussion of the errors). As shown in their scatter plot (Figure 9), the correlation coeffi-
cient for all diffusivity pairs (0.65) is significantly different than zero at the 95% confidence level for 36
degrees of freedom. Furthermore, this correlation increases to 0.83 if only June through November pairs are
used, suggesting that while this appears to be a robust estimate of the mass diffusivity, the values during
late winter through spring are less certain.

Diffusivity values from both budgets at Station Papa have large variability associated with the seasonal cycle
and thus are best viewed on logarithmic scales, even for seasonal climatologies (Figure 10). At Papa, clima-
tological jT is based upon 4–5 years of data for June–December and 1–2 years of data for winter months.
For jS, however, only November–December has slightly more than 2 years of data, while there are no values
during the month of April, one value in May, and all other months have less than a complete month each.
Consequently, measurement errors are order one for climatological April jT and for all months except the
fall for jS (Figure A1). Thus, even when the monthly climatologies appear to be statistically significant,
caution is warranted when considering the winter values and months when the measurement errors are
order one.

In summary, diffusivity associated with the diffusive heat and salt fluxes across the mixed layer base has val-
ues of �1 3 1024 m2/s during the summer at Papa, increasing to �3 3 1024 m2/s in November. During
winter months, diffusivity appears to increase to almost 8 3 1024 m2/s, and possibly to even higher values
during early spring, although the errors are very large during these months.

Figure 7. Monthly climatology of Station Papa heat (left) and salinity (right) budget terms shown in, respectively, Figures 5 and 6, except that the diffusive flux across the base of the
mixed layer is shown in black in all plots. 68% uncertainty bounds are indicated by dashed lines.
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3.3. Comparison to KEO
To investigate regional variations in diffusivity and the diffusive flux across the base of the mixed layer, a
corresponding analysis was performed using data from the KEO mooring. In contrast to Station Papa (Figure
5), at KEO, horizontal advection can sometimes be an order one process (Figure 11), causing the residual to
be highly variable and often positive, presumably due to unaccounted advective processes. Consequently,
when advection was larger than one standard deviation, the residual was not interpreted in terms of diffu-
sive heat fluxes. Monthly climatology of each term, including estimate of the residual diffusive heat flux at
the base of the mixed layer, is shown in Figure 12. It should be noted that because constraints are applied
to the residual to determine the diffusive flux, the climatological diffusive flux differs from the residual (not
shown), and therefore, the seasonal budgets in Figures 7 and 12 close only if the error bars are considered.

As shown in Figure 1, Station P is in a
region of net surface heat gain, while
KEO is in region of net surface heat
loss, primarily due to wintertime val-
ues: while net surface heat loss at Sta-
tion Papa reaches a climatological
maximum of almost order 2100 W/m2

during November and December
(Figure 7), at KEO, the ocean loses
order 2300 W/m2 to the atmosphere
on average during December and Jan-
uary (Figure 12). At both sites, the
climatological synoptic diffusive flux
was similar in value to these wintertime
maximum surface heat loss values,
although one must remember that the
measurement and statistical errors are
very large during these periods.

As shown in Figure 10, wintertime dif-
fusivity values at KEO were higher than
�7 3 1023 m2/s, at least an order of
magnitude larger than the wintertime

Figure 8. Time series of the diffusion coefficient (i.e., diffusivity) corresponding to the 5 day smoothed diffusive heat flux (top, black) and
salinity flux (bottom, black) at the base of the mixed layer in units m2/s. Measurement error estimate is indicate in red. Periods where the
barrier layer was larger than 15 m are shown by a blue mark.

Figure 9. Scatterplot of diffusivity values estimated from the mixed layer heat
and salt budgets. June–November values are indicated by red circles.
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diffusivity values at Station Papa. Dur-
ing the warm season, KEO diffusivity
were lower, �3 3 1024 m2/s, but still
more than 3 times larger than at Papa.

4. Discussion

The eddy diffusion coefficient (referred
to here as diffusivity) represents the
efficiency of a temporally averaged dif-
fusive flux within a unit stratification.
Thus, if the diffusivity value is known,
the diffusive flux can be estimated sim-
ply from the vertical profile of the
property. For many mixed layer budget
estimates, and particularly for biogeo-
chemical budgets, this is critical for any
attempt at closure.

Figure 10. Monthly climatology of diffusivity at the base of the mixed layer esti-
mated for KEO (black) and Station Papa (blue). Station Papa diffusivity estimated
from the heat budget are shown in dark blue and from the salt budget are shown
in light blue. 68% uncertainty bounds are indicated by dashed lines. If lower
bound is not shown, the uncertainty is larger than the monthly mean value.

Figure 11. Same as Figure 5, but for the KEO heat budget.
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In this analysis, the 5 day averaged dif-
fusive flux at the base of the mixed
layer is parameterized in terms of a dif-
fusivity applied to the 5 day smoothed
property gradient computed over the
20 m transition layer directly below the
base of the mixed layer. The diffusive
flux and diffusivity are estimated from
the residual of the mixed layer heat
and salt budgets. Several constraints
are applied to filter noise from the
residual diffusive flux: diffusivity was
computed only when the property gra-
dient just below the base of the mixed
layer was sufficiently large to support
diffusive mixing. Thus, for example, the
salt budget at Station Papa could not
be used during late spring through
early summer when the mixed layer
depth was defined entirely by the ther-
mal stratification. Likewise, in late win-
ter through early spring when a barrier
layer often forms at Station Papa, the
heat budget often could not be used to
determine diffusivity. This constraint
made it difficult to determine diffusivity
at Papa during late winter and spring.
At KEO, diffusivity was not computed
when advection was strong. At both
sites, negative diffusivity values were
assumed to be dominated by errors
and thus diffusivity was computed only

when the residual fluxes were downgradient. It should be noted that inclusion of upgradient heat fluxes
when the surface loses heat to the atmosphere would tend to lower the diffusivity values during winter.
However, we found (not shown) that this constraint did not qualitatively change the results at Papa and
KEO, particularly when the large errors were considered. The simpler and stronger constraint (no upgradient
heat fluxes) was thus used here.

All diffusivity estimates were large (>1024 m2/s), in agreement with recent estimates made during the heat-
ing season in the North Pacific using the Argo array and reanalysis products [Lee et al., 2015]. Estimates at
both locations in this study had a seasonal cycle with larger values during fall and winter, although errors
were also larger in winter. At Station Papa in the subpolar gyre of the northeast Pacific, the diffusivity value
was �1 3 1024 m2/s during summer, while during fall it increased to �3 3 1024 m2/s, matching the 3 3

1024 m2/s value that Large et al. [1986] used to close the fall heat budget in the 1980/1981 Storm Transfer
and Response Experiment. It should be noted that during individual storms, Large et al. [1986] showed the
diffusivity at the base of the mixed layer increased to values up to 7.4 3 1023 m2/s. Such a range is consist-
ent with the synoptic variability in our values. During January, our Station Papa climatological diffusivity
estimates appear to be as large as 6 3 1024 m2/s, increasing to 2.4 3 1023 m2/s by April, although the
errors are order one and the diffusivity values estimated from the salt budget suggest that these values
should be at maximum 2 3 1024 m2/s. In comparison, at KEO in the northwest Pacific Ocean’s Kuroshio
Extension recirculation gyre, overall larger diffusivity values are found: � 3 3 1024 m2/s during the warm
season (more than 3 times larger than at Papa) and more than 7 3 1023 m2/s during the winter.

While microstructure and dye experiments tend to show diffusivity values that are much weaker (order
1025 m2/s), these generally are measured within interior of the ocean, far below the base of the mixed layer.

Figure 12. Same as Figure 7 left plots, but for the KEO heat budget.
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Indeed traditional ship-based microstructure measurements and passive tracer release observations show a
several decade range in turbulence values, with a general picture of elevated rates of turbulent kinetic
energy (TKE) dissipation and vertical diffusion near sources of turbulence (e.g., surface wind stress and
waves, convective heat loss, bottom topography), weak dissipation and diffusivity in the interior thermo-
cline, and rapid transitions between these two regimes over short depth intervals. For example, using
microstructure measurements in the tropical and subtropical Atlantic and Pacific oceans, Fern�andez-Castro
et al. [2014] compute an average diffusivity rate of 169 3 1024 m2/s in the weakly stratified mixing layer,
three orders of magnitude larger than compared to the ocean interior average value of 0.59 3 1024 m2/s,
and an order of magnitude larger than our wintertime base of the mixed layer values at Station
Papa. Similarly, Lozovatsky et al. [2006] find diffusivities of 102221021 m2/s in the mixed layer and
102521024 m2/s in the pycnocline, separated by a 20–30 m thick transition layer over which diffusivity
changes rapidly in the vertical. Likewise, Sun et al. [2013] show dissipation rates of TKE in the near-surface
transition layer that are 5–10 times larger than those found in the upper thermocline. Our analysis focuses
on turbulent exchange at the base of the surface mixed layer, in the upper portion of this near-surface
stratified transition layer.

Our study suggests enhanced diffusivity in western boundary current regions, with values at least 3–4 times
larger at KEO than observed at Station Papa. Enhanced turbulent mixing and diffusivity values in the ther-
mocline near KEO were also observed by Jing and Wu [2014] using profiler measurements collected during
the Kuroshio Extension System Study (KESS). Jing and Wu [2014] suggest that vorticity associated with
cyclonic eddies in this region cause near-inertial energy to penetrate deep into the ocean. To explain
enhanced diffusivity at the base of the mixed layer estimated from the potential vorticity budget, Qiu et al.
[2006] hypothesize that the presence of weakly stratified Sub-Tropical Mode Water (STMW) below the sea-
sonal thermocline acts as a barrier to internal wave energy and turbulent mixing, enhancing the turbulent
mixing and diffusivity within and above the seasonal thermocline in the region south of the Kuroshio Exten-
sion. Tomita et al. [2010] show that typhoons are ubiquitous in the KEO region during the warm season. As
these storms transition to midlatitude storms, the wind patterns become asymmetric making them much
more effective at generating near inertial oscillations (NIO) throughout a broad region [Bond et al., 2011].
Consequently, in contrast to Station Papa where NIO occur almost exclusively during fall and winter [Alford
et al., 2012], at KEO, NIO are observed year-round [Cronin et al., 2013]. The higher diffusivity values found at
KEO during the warm season are thus likely related to several factors, including stratification, eddies, and
the strong forcing from transitioning tropical cyclones.

Because the KEO and Papa wind forcing are likely more similar during winter, the larger wintertime dif-
fusivity values at KEO are most likely related to stratification differences there. Wintertime mixed layer
depth can be very deep when STMW ventilates in the Kuroshio Extension region, allowing deep convec-
tive cells that can increase turbulent mixing at the base of the mixed layer. The influence of boundary
layer depth variations and surface forced convective cells on diffusivity is a key feature of the Large
et al. [1994] parameterization and may play a role in the different wintertime values between the two
sites considered here. Using KEO and KESS data, Cronin et al. [2013] showed that during wintertime, the
Richardson number at the base of the mixed layer was often below the critical value of 0.25 for shear
instability to occur. It was hypothesized that during periods of STMW ventilation, the stratification just
below the base of the mixed layer is very weak, thus making conditions favorable for shear instability.
Deep convective cells, however, could also be a factor in reducing the stratification and increasing the
turbulent mixing. In contrast, at Station Papa in the subpolar gyre of the northeast Pacific, the main pyc-
nocline is relatively shallow and enhanced by a shallow halocline. Thus, while winter storms can gener-
ate significant NIO [Alford et al., 2012] and turbulence, they are less efficient at generating a diffusive
flux across a unit stratification.

This study provides evidence for strong seasonal and geographic patterns in the diffusivity corresponding
to the diffusive flux at the base of the surface mixed layer. These temporal and spatial variations are likely
related to large-scale variations in surface wind stress, buoyancy forcing, boundary layer depth, near-inertial
shear, and stratification within the transition layer, as well as to the influence of surface waves, eddies, and
currents. Given the importance of vertical transport at the mixed layer base to the cycling of physical and
biogeochemical oceanic tracers, the relative influence of these effects on turbulent mixing there warrant
further research.
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5. Conclusions

While the diffusivity values estimated from mixed layer heat and salt budgets at Station Papa had large dis-
crepancies during winter when their errors were large, the summer and fall values agreed reasonably well,
suggesting that these values may be applied to other budgets. For example, Fassbender et al. (submitted
manuscript, 2015) shows that the diffusive flux of dissolved inorganic carbon across the base of the mixed
layer, estimated with the diffusivity values calculated here, play an order one role in the carbon cycle of the
North Pacific. Indeed, with this information, biological processes affecting the carbon cycle can be inferred,
such as carbon export associated with net community production and calcification.

Appendix A: Error Analysis

Measurement errors of the 5 day mean values are estimated through propagation of errors following Cronin
et al. [2013] (see their Appendix A for daily averaged values), taking into consideration random and bias
errors (Table 1). Errors that are random are reduced by the square root of the degrees of freedom, where

there could be up to 4.4 degrees of
freedom per month for each of the
years included in the climatology.
Errors that are considered biases (e.g.,
associated with unknown calibration
offsets) are assumed to have only one
degree of freedom for each year
included in the climatology.

Errors in vertical velocity are increased
in this analysis to 30%, although this is
somewhat arbitrary. Precipitation, cor-
rected for wind distortion, was
assumed to have an unknown bias of
10% and a random error of 10% [Serra
et al., 2001]. For the glider estimate of
the monthly salinity gradient, errors are
estimated by evaluating the sensitivity
of the least-squares regression fit to
the addition of random noise. In

Table 1. Sources of Errors in Daily Averaged Quantitiesa

Source of Error Error Value Rank for jT Rank for jS

Surface turbulent heat flux Random: 4 W/m2 1 2%
Bias: 25.7 W/m2

4 *

Radiative heat fluxes Bias: 1%
Evaporation er(Qlat)/(Lq), where Qlat is the latent heat flux, L is latent heat of

evaporation and q is density of rainwater.
* 6

Precipitation Random: 10%, bias: 10% * 5
Mixed layer depth Bias: (vertical spacing of temperature sensors spanning h)/4 2 1
Seabird temperature and salinity sensors Bias: 0.0048C, 0.02 psu 5 2
Current meter and ADCP velocity errors Bias: 0.01 m/s 1 4
Current errors and extrapolation within

mixed layer below 15m
Bias: 1.5 3 1023 s21 3 depth, or 0.01 ms21 whichever is largest

Vertical velocity Random: 30% 6 7
Horizontal rT Bias: 1 3 1026 8C/m 3 *
Horizontal rS Bias: Glider: 0.5–1.8 3 1027 psu/m;

Bias: Argo: 2.8 3 1027 psu/m
* 3

aErrors due to horizontal current extrapolation, horizontal temperature gradient, and vertical velocity are assumed to be biases over
a 5 day time scale. Except where indicated as random errors, all errors are assumed to be biases for the entirety of the 1 year deploy-
ment. The errors are ranked in terms of their mean value for Papa. A rank of 1 indicates this is the largest source of error in the diffusivity
estimate. An asterisk indicates that this quantity does not enter the calculation.

Figure A1. Monthly climatology of diffusivity at the base of the mixed layer esti-
mated for KEO (black) and Station Papa (blue). Station Papa diffusivity estimated
from the heat budget is shown in dark blue and from the salt budget is shown in
light blue. Standard measurement errors are indicated by dashed lines. If lower
bound is not shown, the measurement error is larger than the monthly mean
value.
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particular, for each month, 100 iterations of the noise-perturbed regression fits were performed. For each,
the variance and time correlation of the noise was prescribed to be similar to the residuals between the
data from the original estimated fit. The 68% uncertainty for each month was then computed as the stand-
ard deviation of the noise-perturbed x- and y-gradients across 100 iterations of this procedure. When glider
data are unavailable, but at least four Argo floats in a 300 km 3300 km box centered at Station Papa are
available, surface salinity gradients are computed from 10 m level Argo MOAA GPV product. With four floats
included in the mapping procedure, it was assumed the gridded values had a 15% variance error. The gra-
dients, computed over a 150 km scale, thus produce a salinity gradient error in each component of 2.8 3

1027 psu/m. All other errors listed were discussed in Cronin et al. [2013]. Figure A1 shows the climatological
diffusivity values for KEO and Papa with their associated measurement errors.
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